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[1] Long-term satellite records have been used in previous studies to/€xamine both trends
and interannual variability (IAV) of ozone in the stratosphere. In this study, we use
satellite measurements to produce long-term records of both troposphericrand stratospheric
ozone and we examine the [AV of these data sets. Our analysis ofithe stratospheric
component of these observations is consistent with previous findings for total ozone that
show a strong correlation with the quasi-biennial oscillation, (QBO) at low latitudes. For
tropospheric ozone, we find that there are strong regional enhancements due to in situ
generation from large emissions. The IAV of some of these regional enhancements, on the
other hand, are strongly correlated with the phase of/EliNiflo—Southern Oscillation
(ENSO) and are consistent with our understanding of how régions of subsidence are more
conducive to the in situ production of ozone pollution. The insight gained from this study
will hopefully provide a better understanding between prevailing meteorological
conditions and the evolution of widespread ozone episodes on shorter timescales with the

eventual goal of producing an air quality ferecasting capability so that exposure of the
human population to elevated levels of ozone can be reduced.

Citation: Fishman, J., J. K. Creilson, A. E. Wozniak, and P. J. Crutzen (2005), Interannual variability of stratospheric and
tropospheric ozone determined from satellitesmeasurements, J. Geophys. Res., 110, DXXXXX, doi:10.1029/2005JD005868.

1. Introduction

[2] Elevated ozone concentrationsiproduced as a result of
fossil and domestic fuel combustion contribute to a number
of human ailments such as respiratory discases [Spektor et
al., 1988; Koren et alyl989; Lippmann and Schlesinger,
2000]. Furthermore, the,recent study by Bell et al. [2004]
shows that moderate increases in tropospheric ozone con-
centrations of only 10 ppby lead to increased rates of
mortality in U.S. metropolitan areas that translate to nearly
4000 premature deaths annually. Other studies have also
shown that elevated surface ozone concentrations have
deleterious effects on both crop production [Heck et al.,
1983] and specific types of plants [Skelly, 2000] at concen-
trations well below the current NAAQS standard of 80 ppbv.
On a global scale, surface ozone concentrations have
increased significantly during the past century [Volz and
Kley, 1988; Staehelin et al., 1994] because of increased
anthropogenic emissions from industrial and agricultural
processes. The concurrent increased emissions of nitrogen
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oxides and hydrocarbons in the presence of sunlight are the

46

primary factors leading to these higher concentrations of 47

ozone.

[3] The long-term data record of tropospheric ozone
residual (TOR) distributions (http://asd-www.larc.nasa.gov/
TOR/data.html) has used concurrent measurements from the
Total Ozone Mapping Spectrometer (TOMS) and Solar
Backscattered Ultraviolet (SBUV) instruments to develop
a quasi-global tropospheric ozone climatology [Fishman et
al., 2003]. This climatology shows significant regional
enhancements of ozone pollution resulting from the release
of copious emissions from regionally industrialized areas in
the Northern Hemisphere and widespread biomass burning
in the tropics. In addition to the climatological and seasonal
distributions discussed by Fishman et al. [2003], this data
record spans more than two decades (1979—-2000) yielding
nearly 17 years of monthly averaged depictions. Within this

48
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62

record, there is significant interannual variabiltiy (IAV) of 63

elevated pollution in certain regions. Because of the unique
length and data density of this tropospheric trace gas
database, it is possible, for the first time, to examine the
IAV of the TOR and to see if this AV can be correlated with
other well-known IAV parameters: The quasi-biennial os-
cillation (QBO) and the El Nifio—Southern Oscillation
(ENSO).

[4] Another objective of this study is to examine a
complimentary integrated data set that is also derived from
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Region Lat Monthly SCO Correlations
Jan | Feb | Mar | Apr | May | Jun | Jul | Aug | Sep | Oct | Nov | Dec
N=> | 18 | 18 | 17 | 18 | 17 | 17 | 17 | 18 | 18 | 18 | 17 | 17
West 1520N [ -23 | -34 | -37 | -48] -39 [-12] 07| -20]-20]-20] -10 ] -17
Africa 10-15N | 18] 03| -06 | -09] 12| 27| 44| 09| 10| 05] 16| .13
(20W-30E) | 5-10N | 55| 46| 40| 31| 53] .57 31|56 [ Ning|ns s
E-5N
E-5S | .53 54
5-108 | 36| 56| 56| 57 A0S0 34 | 26 | .33 [Se .27
10-158 | 1] 37| 31 25| .a8] 02 |-15|-49]-35]-37] -10]-14
15208 | -10] 13| 01 -16| -31[-31]-55 =78 | =68 |=65] -.51 | -38
India 1520N | -28 | -17 | -40 | -45] -48 | -27| 21| -04| 04| 15| -08 | -31
(60-120E) | 10-15N| 21| 23| -02|-17| 05| .18 | .38 | 21| .36 | 40| .23 |-08
5-10N 4| 41| s 5 53 44
E-5N
E-58 58
5-108 | .54 57 35 80| 35| 47| 48 34
10-158 | 30| 41| 27| 34| 22|-21|-33| -48|-42|-26]| -04 | -27
15208 | 02| 20| -06| -13 | -23|-45 | -64 | .69 | ~68 | -.56 | -57 | -.49
Pacific 15-20N | -34 | -19 | -37 | -36 | -53 | -17 | .02 ] -09 | -17 [ -03 | -06 | -.18
(160-100W) | 10-15N | -02 | 08| -03 [ -11| -13 | 17| 32| a7] 12| 23] 27| .11
5-10N | 34| 44| 40| 28| 30| .49 S| AT 55 54
E-SN | .53 57156
E-58 | .50 54| 58
5-10S | .29 | 49 S6| 53] 55| 45| 35| 21| 26| 42| 34
10-158 | 02| 25| 38| 19| 19| .10 [-35] -49 [ -51]-43] -29 [ -09
15208 | -14] 08| 15| -22 -25|-32 [=q1 |- -.80 1=63] -33

Key (all correlations in bold are significant to at least the .05 level):

Positive Correlation and level of significance of at least .01:
Positive Correlation and level of significance of at least .05:
Negative Correlation and level of significance of at least .01:
Negative Correlation and level of significance of at least .05:

]
=
]

Figure 1. Correlation coeﬁjciéﬁt’s‘i:bétween stratospheric column ozone (SCO) and one of the quasi-
biennial oscillation (QBQ)‘ind\lqgs,- (wind speed at 30 hPa over Singapore), displayed as a function of
month and latitude. Instead of using zonally averaged SCO quantities, these correlations have been
computed for three different east-west domains: near the Prime Meridian over and south of west Africa,
south of India, and”over the eastern Pacific. The blue and green regions indicate strong positive
correlations (generally neé‘ti'ﬁthe equator and at all times of the year) whereas the yellow and orange
regions indicat@“’regiems/of anti-correlation (generally at southern subtropical latitudes during austral

h 7

spring).

%

the TOR methodology applied to the TOMS and SBUV
measurements. The stratospheric column ozone (SCO) is
the integrated amount of ozone above the tropopause
and its climatological distribution is in excellent agree-
ment with a comparable quantity derived from Strato-
spheric Aerosol and Gas Experiment (SAGE) profiles
[Wozniak et al, 2005]. Thus, in this study, we also
show that the IAV of SCO is consistent with earlier
studies that have examined the relationship between
TOMS total ozone and the QBO, leading to an impor-
tant confirmation of the use of TOR methodology to
investigate IAV behavior.

[s] On the other hand, the regional and long-term
nature of the TOR fields is a unique attribute of this
data set. Whereas the QBO is observed on a significantly
large spatial scale in the stratosphere, we find that some
of the regions where significant air pollution is found

display IAV that is highly correlated with ENSO. Such a
relationship may provide important insight for determin-
ing when prolonged elevated pollution events may be
conducive to formation, and possibly even lead to iden-
tifying specific meteorological situations that portend
pollution episodes.

2. Derivation of Data Set Used in this Study

[6(] TOMS total ozone measurements have been available
from several satellites since November 1978 (see http://
toms.gsfc.nasa.gov). Nimbus-7 operated from November
1978 through April 1993; the Earth Probe satellite operated
at a relatively low orbit of 540 km and provided higher
spatial resolution from July 1996 through December 1997
and then was boosted to a higher orbit of 740 km to obtain
complete global coverage. For the current study, Nimbus-7
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TOMS data (Version 7) from 1979 through 1993 and Earth
Probe data from 1997 through 2000 have been analyzed.
Only data from the Nimbus-7 and Earth Probe have been
used in this study to take advantage of the availability of the
aerosol index information that is part of the correction we
apply to the measurements [Torres and Bhartia, 1999;
Fishman and Balok, 1999].

[7] The SCO is determined from SBUV profiles integrated
from the tropopause to the top of the atmosphere. Before
integration above the tropopause, each SBUV profile is
empirically corrected so that the amount of ozone below the
tropopause is set equal to the monthly climatological
amount determined from the Logan [1999] analysis. This
quantity is then subtracted from the SBUV total ozone
column to derive the SCO [Fishman and Balok, 1999;
Fishman et al., 2003]. That value (i.c., the integrated ozone
amount above the tropopause derived from the SBUV
measurement) is then used as input to derive a stratospheric
ozone field using other such measurements over a 5-day
period to determine the field for the central day. That
quantity is then subtracted from the concurrent TOMS total
ozone amount on the central day to calculate the TOR for
this study. Tropopause height information for the current
study uses gridded (2.5° latitude by 2.5° longitude) analyses
provided by the National Centers for Environmental Pre-
diction (NCEP). These analyses are produced every 6 hours
and the value closest to the time of the SBUV observationis
used in the current study. For the discussion presented in the
following sections, we present monthly maps that-have been
derived from the TOR distribution calculated daily/and;then
averaged over the month.

3. Stratospheric and Tropospheri¢TAY in' the
Tropics
3.1. Relationship Between Stratospheric Ozone and the
QBO

[s] In addition to quantifyinghe global nature of secular
trends in stratospheric ozong: depletion, long-term total
ozone satellite measurements (i.€.,5TOMS and SAGE) have
been used to investigatesmultiyear cycles that also can be
found in these data records [Bowman, 1989; Chandra and
Stolarski, 1991; Tung and Yang, 1994; Kinnersley and
Tung, 1998]. One of the strongest and most clear-cut signals
found in these total ozone records is that of the quasi-
biennial oscillation (QBO), a feature that was first observed
for stratospheric equatorial winds [Reed, 1965]. The QBO
is a well-documented meteorological phenomenon
[Lindzen and Holton, 1968] in which the zonal winds in
the lower stratosphere change direction with a periodicity
of 24-30 months. In accordance with this change of wind
direction, the amount of ozone in the stratosphere also
changes where a strong westerly component is associated
with relatively higher amounts of ozone while an easterly
component is associated with relatively lower amounts. In
addition, the analysis of SAGE Oj; profile data has shown
that the QBO signal propagates throughout vertically
within the stratosphere [Hasebe, 1996; Randel and Wu,
1996].

[9] In this section, we examine the relationship between
the stratospheric column ozone (SCO) and parameters that
can be used to define QBO. Kinnersley and Tung [1998]

FISHMAN ET AL.: INTERANNUAL VARIABILITY OF OZONE

DXXXXX
260 | 20
7
255 - [
5 o E
=)  n B
g = 105
7] 120 &
245 4 { W
|-30
240 | 40

79 80 81 82 83 84 85 86 87 88 89 90 91 92 98 99 00
Year

Figure 2. Solid black line_showing a time series of the
monthly average amount ;of ozone in the stratosphere
(stratospheric column ozone, SCO), for June for years for
which there are ‘datasbetween 1979 and 2000 for the
equatorial region (5°N—5°S) between 20°W and 30°E (West
Africa); dashed red line shows the mean zonal for June at
30 hPa gver Singapore (one index used to define the phase
ofsthe QBO). The correlation coefficient for these two
variables is +0.73.

have provided a comprehensive analysis of the correlation
between TOMS total ozone and stratospheric winds over
Singapore. In Figure 1, we present a similar analysis, but
mstead of using complete zonal averages, we break the
equatorial regimes into three regions: West Africa (20°W—
30°E); India (60°E—120°E); and Central Pacific (160°W—
100°W) (QBO data courtesy of University of Washington
and can be found at http://tao.atmos.washington.edu/
data_sets/qbo/). Furthermore, instead of using TOMS total
ozone, we use the monthly SCO values that are derived
through our calculation of TOR using coincident TOMS
total ozone information and profile information from SBUV
measurement between 1979 and 2000. The number of
monthly SCO values going into the correlation coefficient
calculations is shown as the first number in each column.
Our findings of the relationship between the SCO and the
QBO at low latitudes are qualitatively the same as those
of Kinnersley and Tung [1998] using a 13-year record of
TOMS and Singapore winds from 1980—1993. In the
band along the equator (5°N-5°S), 63 of the 72 corre-
lation coefficients show a level of significance of at least
0.01, meaning that there is less than a 1% chance that the
two sets of data are not correlated; the remainder of the
correlation coefficients in these latitude bands have a
level of significance of 0.05, implying that there is less
than a 5% chance that the QBO and SCO values are not
correlated. The monthly correlations become less positive
when they are calculated farther away from the equator.
Furthermore, there is an anti-correlation in the southern
subtropics (15°S—20°S) during late austral winter through
austral spring (July—November). Kinnersley and Tung’s
correlation analysis yielded nearly identical findings
where the austral spring anti-correlation extended to
southern middle and high latitudes (regions not of interest
in this study). In the discussion that follows, it is
significant that the IAV for the SCO data behave in a
manner that is consistent with our understanding of
stratospheric dynamics and that the nature of this behav-
ior at low latitudes is regionally independent (as defined
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Figure 3. Average amount of tropospheric ozone for each
June over the West Africa region plotted against the same
QBO index as shown in Figure 2. The correlation
coefficient between these two variables is 0.36, which is
not significant.

by the three regions in Figure 1). A specific time series
for the month of June is shown in Figure 2 where the
SCO for the West Africa box defined in Figure 1 is
plotted as a function of year against the monthly average
zonal wind measured over Singapore at 30 hPa, a
commonly used indicator of the phase of the QBO. The
correlation coefficient of the two variables in this time
series is +0.73.

3.2. Interannual Variability Over West Africa

[10] Although the IAV of equatorial stratospherie.ozone is
dominated by dynamical processes related to the QBQ, the
ozone distribution in the troposphere isycorrelated to a
significantly less degree with the QBO. The plot shown in
Figure 3 is similar to the one shown in Figure 2vexcept it
shows the relationship between the June TOR oyer the same
region over West Africa and the QBO. These.two variables
have a correlation coefficient of 0,36, which is not signif-
icant with this number of data points.

[11] ENSO indices, which consist'of the Southern Oscil-
lation Index (SOI) and equatorial Pacific Ocean sea surface
temperature anomalies (SSTAs), ateillustrated in Figure 4

FISHMAN ET AL.: INTERANNUAL VARIABILITY OF OZONE
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(image provided by NOAA Climate Prediction Center from
their web site at http://www.cpc.ncep.noaa.gov). The orig-
inal SOI was defined as the pressure difference between
Darwin (northern Australia) and Tahiti (central equatorial
Pacific) [Philander, 1990]. More recent definitions of
ENSO use sea surface temperature variations in regions
of the equatorial Pacific to define the strength of the phase
of El Nifo; specifically, these indices quantify the departure
from the average témperature (sea surface temperature
anomaly, SSTA) inyspecific regions. Region 1 + 2 is a
relatively small area in‘the extreme eastern Pacific near the
Peruvian coast, the regionyfirst recognized as changing
significantly during the!ENSO cycle. In more recent times,
when technology developed so that more remote regions
could be monitered, other larger areas of the Pacific were
defined and!foundito be generally more impacted by the
coupled oecean-atmosphere nature of the ENSO. Thus Re-
gion 3 is.a larger area encompassing the equatorial eastern
Pacifie, whereas Region 4 has been defined as the box in the
western/central Pacific; by convention, Region 3.4 denotes
the'eentral Pacific. For the discussion on the TOR over West
Africa that follows, we will use the standard SOI index to
examine the relationship between ENSO and tropospheric
ozone. We will also refer to the various SSTAs in later
diseussions. The SCO and SOI correlation coefficient for
June in this region is a statistically insignificant 0.26.

[12] An example of the IAV in the TOR field is clearly
illustrated by the distributions shown in Figure 5 where
significantly more ozone is observed during June over
western Africa during 1982, a strong El Nifo year, as
compared to 1984, a strong La Nifia year. In addition to a
weaker relationship (but still sometimes significant) be-
tween TOR amounts and the QBO over western Africa,
we have found that the pattern of the distribution is at times
highly correlated to the phase of ENSO. To define this
pattern, we examine the difference in the amount of ozone
north and south of the equator: A(TOR) = TORgo_son —
TORge_se5. Figure 6 illustrates the strong nature of this
correlation for the month of June, where A(TOR) is com-
pared with the Sea Surface Temperature Anomaly (SSTA)

150 180 -150 120 90
gl Ao Sl
o Nifio 3.4 Nifio- 142113
i e _: .
(= | ) 3 i vk ) N
= eDarwin Nino 4 Nifio 3 \ =
- J Tahiti
sl . I
150 180 -150 120 -80

Figure 4. Graphical depiction of the Sea Surface Temperature Anomaly Regions used to define ENSO
intensity: Nifio region 1 + 2 is the area off the coast of Ecuador; Region 3 is the red box in the eastern
Pacific; Region 4 is the yellow box in the western Pacific; Region 3.4 is the overlapping area in the
central Pacific. The classic Southern Oscillation Index (SOI) is defined as the difference between the

surface pressure at Darwin, Australia, and Tabhiti.
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20E

Figure 5. Depiction of the interannual variability of tropospheric ozone during June of a strong El Nifio
year (1982) and June of a strong La Nifla year (1984).

observed over the west central Pacific (El Nifio Region 4),
where the resultant correlation coefficient for these two
variables is 0.78.

[13] Cook [1999] investigated the meteorology over this
region through an analysis of the African Easterly Jet (AEJ)
and precipitation over West Africa. He found that during the
summer months the climatological African Easterly Jet
formed in the presence of a negative soil moisture gradient,
peaking at approximately 15°N. The jet, which is typically
located at ~600 hPa, is driven by the difference in strong
summer insolation and dryness over Saharan Africa to the
north and the wet season over West Africa and western
Sahelian Africa to the south. Several studies show that
anomalously drier summers are linked to a southward

displacement of both the Intertropical Convergence Zone
(ITCZ) and the AEJ [Grist and Nicholson, 2001; Nicholson
and Grist, 2003]. This southward displacement means that
the precipitation processes (i.e., the West African summer
monsoon) that the AEJ/ITCZ help drive also setup farther
south, creating a situation where subsidence is prevalent
over this region of West Africa.

[14] Earlier studies linked the phase of ENSO with
African rainfall, through an analysis of the phase of a
defined 2-year ENSO cycle and its relationship with the
strength of the Atlantic and Indian Ocean SSTAs [e.g.,
Nicholson and Kim, 1997]. Similarly, we find that during
the summers of El Nifio years (as defined by the June El
Nifio 4 SSTAs), the AEJ and ITCZ appear to be displaced
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Figure 6. A measure of the North/South gradient
(TORge_son — TORge_seg) plotted as the black solid line;
the Sea Surface Temperature Anomaly in the west/central
Pacific Ocean, a measure of the phase of the ENSO, is
shown by the dashed red line. The correlation coefficient
between these two variables is 0.78.

farther south, and that vertical velocity (w) over our West |

African study region is anomalously positive. Figure 7
(image provided by the NOAA-CIRES Climate Diagnostics

Center, Boulder Colorado from their Web site at http:/
www.cdc.noaa.gov/[Kalnay et al., 1996]) shows the average

vertical velocity at 700 hPa over this region during,the ‘/El
Nifio” years (Figure 7, top) and the distribution of. the

correlation coefficient between w and the SOI index over

the period 1979-2000 (Figure 7, bottom). These depictions
suggest that meteorological conditions during ELNifio years
favor strong subsidence in the lower troposphére/ovet this
region. In addition to the increased subsidence, the.meteo-
rological data [Kalnay et al., 1996] also clearly. show that
both the precipitation amounts and rate“are considerably
lower during the El Nifio summers relative to other years.

[15] The presence of widespread subsidencé can be con-
ducive to enhanced ozone in the,tropesphere for several
reasons. When rain is reduced, theyelatively drier land and
clearer skies provide more favorabletieonditions for wide-
spread vegetation burning whichycan lead to larger amounts
of ozone precursors being emitted. Such conditions are also
conducive to more sunshiné:and.thus ozone being generated
more efficiently throughyenhanced photochemical activity.
Last, widespread subsidence would more efficiently bring
higher levels of ozone down from the upper troposphere and
lower stratosphere. Unfortunately, the sources of elevated
TOR values cannot be differentiated without in situ mea-
surements that better define the vertical structure of ozone
within the troposphere.

4. TAV of Tropospheric Ozone Over Northern
India and East China

[16] The use of satellites to measure the distribution of
tropospheric trace gases has provided a new appreciation for
how local and regional emissions strongly influence the
resultant global distribution of these trace species. The
Figure 8 (top) (image courtesy Institute of Environmental
Physics, University of Heidelberg, and can be found at
http://satellite.iup.uni-heidelberg.de) shows that NO, emis-
sions come predominately from northern temperate latitudes
and to a lesser extent from tropical Africa and South
America. The satellite-derived TOR product shows consid-

INTERANNUAL VARIABILITY OF OZONE
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erably greater amounts in NH summer (Figure 8, bottom)
when sunlight is sufficiently prevalent to generate ozone
efficiently. Recent depictions for satellite-derived carbon
monoxide distributions also show emissions emanating from
regions of high anthropogenic activity and widespread trop-
ical biomass burning [Edwards et al., 2003; Frankenberg et
al., 2005].

[17] There have also been recent studies showing a
relationship between“satellite-derived tropospheric column
ozone (TCO) amounts and the phase of the ENSO cycle in
the tropics [Ziemke andiChandra, 2003]. In that study, they
compared TCO data_at twortropical locations, Tahiti and
Darwin, with the/difference in pressure at those two sites
(the conventional, definition of the Southern Oscillaiton

NCEP/NCAR Reanalysis
700mb Omega (Pa/s) Composite Anomaly 1968—1996 climo

—-0.003

—0.006

—0.008

e -0.012

0.9

0.7

0.5

0.3

Jun to Aug: 1979 to 2000: 700mb Omega (to 100mb)
Seasonal Correlation w/ Jun to Aug SOI

NCEP/NCAR Reanalysis

NOAA—CIRES/Climate Dicgnostics Center

Figure 7. (top) An analysis of June—August vertical
velocity, w (omega), at 700 hPa over West Africa during El
Nifio years (1979, 1980, 1982, 1983, 1986, 1987, 1990,
1991, 1992, 1993, 1997). Positive wygq is indicative of
subsidence. (bottom) Distribution of the correlation coeffi-
cient between w and the SOI index over Africa. Strongest
correlation is found over Gulf of Guinea region.
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SCIAMACHY mean tropospheric NO2 2003 KNMI/IASB/ESA
i —150 = =120 80 —60 -30 90 120 150
=] |
7 8
o IR S . 2 i
T ol - T - :—-- L.t i f‘tdk 5K g
=150 =120 =90 -60 | =30 ] . 30 60 90 120 150
NO; tropospheric column density [10'5 molec./cm?]
0 1 2 3 4 6 8 11 15 20
TOMS/EC-SBUV TOR: JJA Climatology
T T ._L.j ., T T = T g | T 5 T
40 S f]/ | f - 4
‘:I' o
' -\Ef_'_._“\ Eie
o0 B B B
1}
o
2 0
3
-20
_40 .:...':
-120 -60 0 60 120
Longitude
Figure 8. (top) Distribution of tropospheric NO, derived SCIAMACHY for the year 2003 (http://

satellite.iup.uni-heidelberg.de). (bottom) Climatological TOR distribution during June-July-August

[Fishman et al., 2003].

Index, SOI) and found a significant statistical relationship in
the TCO gradient between the two sites and the SOL. In this
study, we expand on the finding first noted by Ziemke and
Chandra [2003] by examining a region that is prone to
pollution [Di Girolamo et al., 2004] to determine whether or
not the intensity of the pollution can be linked to the ENSO
cycle.

[18] Of particular interest is the region in northern India
where Di Girolamo et al. [2004] also observe a “pollution
pool” based on aerosol optical depth measurements from
4 years of Multiangle Imaging SpectroRadiometer (MISR)
measurements. The amount of tropospheric ozone over this

region as well as in eastern China follows a well-defined 361
seasonal cycle (see Table 1) with a peak in the summer, 362
when photochemical ozone generation is highest. In addi- 363
tion to this seasonal cycle, however, the Indian data suggest 364
the interannual variability within our 1979—-2000 data set is 365
strongly correlated with the ENSO indices previously dis- 366
cussed (see Figure 4). The correlation between the interan- 367
nual variability of the TOR with these indices suggests a 368
strong relationship between the ENSO and the amount of 369
ozone pollution in northern India during the summer 370
(Table 2). Conversely, Table 2 shows that no such relation- 371
ship is observed over China. 372
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Table 1. Summary of TOR Values Over Northern India Study
Region®

Range (DU)
Month Mean TOR (DU) High Low
Northern India
January 29.9 31.6 (1998) 25.4 (1980)
February 29.7 33.7 (1992) 24.8 (1991)
March 34.7 40.4 (1989) 27.1 (1999)
April 44.1 47.3 (1982) 40.4 (1985)
May 474 53.0 (1982) 42.4 (1998)
June 48.1 52.4 (1982) 44.8 (1999)
July 46.5 48.5 (1982) 43.6 (1999)
August 423 44.1 (1992) 40.0 (1999)
September 36.9 40.3 (1990) 35.0 (1979)
October 32.8 34.7 (1999) 30.5 (1987)
November 30.5 33.3 (1981) 28.6 (1984)
December 27.9 29.9 (1985) 25.6 (1984)
China
January 27.4 30.3 (1988) 24.1 (1991)
February 30.4 33.9 (1990) 27.5 (1992)
March 349 39.5 (1992) 31.5 (1998)
April 413 45.1 (1984) 38.4 (1990)
May 459 49.6 (1992) 41.3 (1988)
June 50.7 55.4 (1979) 48.5 (1991)
July 50.7 53.8 (1990) 49.0 (1982)
August 46.8 48.6 (1999) 44.8 (1979)
September 40.0 41.8 (1998) 38.1 (1979)
October 345 38.6 (1998) 32.0 (1992)
November 314 33.6 (1979) 28.7 (1989)
December 27.9 30.6 (1982) 25.6 (1984)

?All values are in Dobson Units (DU). The first column shows the
average TOR by month over this region. The second and third columns
show the high and low years, respectively (and the year in which these
extremes occurred).

[19] The significant associations showngin Table 2 also
correspond with the timing of the monsoon season in this
region. The monsoon season, like the TOR,.exhibits con-
siderable interannual variability /[Keishnamurthy and
Shukla, 2000; Goswami and Mohan, 2001]: Figure 9 shows
a time series of the summer TOR over northern India and
the SSTA in Region 4. Duringisummers of increased TOR
(1982, 1987, 1991-1992), it should. be noted that there is
also reduced rainfall [Parthasarathy et al., 1995]. Coinci-
dently, these same years, correspond to the warm phase of
ENSO (i.e., “El Niflo” years). A major factor contributing
to monsoonal variability has/been its relationship with the
ENSO phenomenon. Drought years over India during the
summer monsoon are often, but not exclusively, associated
with warmer SSTAs in the equatorial central and eastern
Pacific (El Nifio) and wet years with relatively colder
SSTAs (La Nifna) [Rasmusson and Carpenter, 1983;
Webster and Yang, 1992; Ju and Slingo, 1995]. One factor
driving the monsoon-ENSO connection is the modulation in
the latitudinal shift of the ITCZ exhibited during a warm
phase of the preceding spring, which may be delaying the
onset of the monsoon [Ju and Slingo, 1995]. The delayed
northward shift in the ITCZ can affect the development of
the Somali Jet and subsequent onset of the southwest
monsoonal flow. This delayed onset has been shown to
lead to a weakened large-scale monsoonal circulation
(Somali jet) and thus a weaker monsoon overall (i.e., less
precipitation) [Shukla and Wallace, 1983; Ju and Slingo,
1995]. During this phase, the Walker Circulation can
actually weaken or reverse itself, causing subsequent
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changes in surrounding circulation regimes. Associated with
this ITCZ shift and change in the Walker Circulation is
increased convection over the east Pacific and increased
subsidence over the western Pacific and east Asia. This
increased subsidence has also been linked to a weaker
monsoon season [Shukla and Wallace, 1983; Palmer et
al., 1992]. Thus the relationship of increased tropospheric
ozone to the warm phase of ENSO could be due to the
increased subsidengé€ over southeast Asia (analogous to
what is observed over west Africa) and a weakened Somali
jet, leading to a drier monsoon season. A drier monsoon
season could lead to_eitherincreased burning or enhanced
photochemical activity 'due’ to less cloudiness since either
factor would lead to enhanced in situ production of tropo-
spheric ozone.fe:g., Fishman et al., 1987].

[20] Examination: of the relationship between the ENSO
cycle and.theramount of ozone over China (Table 2) shows
that there are no statistically significant correlations between
the'TOR andiany monthly or seasonal SOI or SSTA regions.
Some of the correlations are as high as 0.40 (values with
95%confidence levels should be ~|0.48] or greater), but the
sign of these correlations is opposite of what is seen in the
India data.

[21] There is the possibility that increased cloud cover
over this region during the summer monsoon period impacts

Table 2. Monthly and Seasonal Correlation Coefficients Between
the TOR Over This Region and the SOI Index and Sea Surface
Temperature Anomalies (SSTAs) in the ENSO SST Regions
Shown in Figure 4°

SOI ENSO SST Region
Month Monthly  Seasonal 1 and 2 3 3.4 4
India-ENSO Correlations
January —0.06 —0.09 0.15 0.06 0.03 0.05
February —0.34 —0.48 0.12 0.28 0.34 0.23
March 0.03 0.02 -0.14  —0.13 —0.06 0.11
April —0.15 —0.14 —0.14 0.05 0.12 0.24
May 0.22 0.24 —0.20 0.08 0.13 0.30
June —0.43 —0.55° —0.11 0.27 0.41 0.44
July —048  —0.56° 0.06 040  0.59°  0.68°
August —0.44 —0.53° 0.12 0.45 0.57° 0.66°
September 0.13 0.19 -0.25 —-025 -023 0.04
October 0.50° 043  —036 —043 —047 —0.54°
November 0.28 0.10 0.12 0.04 —0.01 —0.13
December 0.50° 0.30 -0.02 —-0.09 -0.16 —0.16
China-ENSO Correlations
January —0.22 —0.14 0.12 0.15 0.17 0.19
February —0.19 —0.09 0.27 0.21 0.19 0.29
March —0.10 —0.01 -021  —0.03 0.15 0.26
April —0.40 —0.38 —0.05 0.13 0.26 0.27
May —0.09 —0.07 0.06 0.39 0.39 0.18
June 0.40 0.39 0.17 0.04 0.02 0.04
July 0.31 0.34 -038 —0.17 -0.08 —0.07
August 0.06 —0.16 —-0.14  —0.07 —0.11 —0.19
September 0.20 0.21 -0.09 -028 —-034 035
October 0.31 0.29 0.16 —-0.04 —0.15 —0.40
November —0.04 —0.19 0.35 0.24 0.18 0.08
December —0.05 —0.09 0.28 0.35 0.30 0.19

*The SOI column refers to the correlation coefficient for each monthly
TOR over the period 1979—1999 with the Southern Oscillation Index
computed both monthly and seasonally. The last four columns show the
correlation coefficient of the monthly TOR with the Sea Surface
Temperature Anomalies (SSTA) calculated for the four equatorial Pacific
regions shown in Figure 4. Significant correlations are in bold.

Correlations exhibiting a.05 significance level.

“Correlations exhibiting a 0.01 significance level.
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Figure 9. Relationship between summer TOR over India
and ENSO Region 4 SSTAs. TOR values over northern
India between 1979 and 1999 for the years that complete
summertime data are available and the SSTA over the
western Pacific (i.e., Region 4, see Figure 4). Blocked areas
refer to strong El Nifio episodes.

satellite retrievals of ozone. Generation of TOR products
used in this study was derived from the TOMS#archive
(http://toms.gsfc.nasa.gov/ozone/ozone.html) which include
cloudy, partially cloudy, and cloud-free pixels. When com=
pared with TOR generated from another version of TOMS
data, which allowed us to segregate individual pixels, from
clear and cloudy areas, the presence of clouds did not
produce significant differences in the distributions‘derived
over India and east Asia. Furthermore, validation. of gra-
dients of the type shown in this study are supported by the
analysis described by Creilson etial. [2003], that compared
spatial differences in TOR with intégrated ozone derived
from ozonesonde measurements}

[22] Findings from the Indiam, Ocean Experiment
(INDOEX) confirm the hypothesis that'anthropogenic emis-
sions are responsible for the ‘widespread presence of haze
and pollution covering.much of Asia and the adjacent
Indian Ocean [Lelieveld. et al.;2001] and that such pertur-
bations may impact the global climate system [Ramanathan
et al., 2001]. During the intensive field phase of INDOEX, a
number of aircraft measurements found aged pollution
plumes during several flights north of the Intertropical
Convergence Zone (ITCZ) whose source regions were
identified as northeastern India and Bangladesh [de Gouw
et al., 2001]. These findings are consistent with the NO,
distribution shown in Figure 8 and with emissions data [van
Aardenne et al., 1999] suggesting that substantial amounts
of nitrogen oxides (NOy) should be present along the
Ganges River Valley of northern India and northern
Bangladesh. Because NOy is the most important precursor
for the photochemical generation of tropospheric ozone,
concurrent presence of high concentrations of O3 would not
be unexpected.

5. Discussion

[23] This study has shown that IAV of ozone in both the
troposphere and the stratosphere can be linked to large scale
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meteorological forcing parameters associated with well-
known documented phenomena: the QBO in the equatorial
stratosphere and the ENSO in the tropical and subtropical
troposphere. We have used monthly averaged information
over a 21-year period to relate ozone to these large-scale
features that have been shown to exhibit teleconnections
over large parts of the globe.

[24] Duncan et al. [2003] have used satellite data to show
that fire frequency in‘several regions of the world is directly
tied to ENSO-induced droughts. Using Along Track Scan-
ning Radiometer (ATSR) and TOMS Aerosol Index (Al)
data, they show large enhaneements in Malaysia and Indo-
nesia in biomass/burning fires and attendant widespread
particulate enhaneement during the El Niflo periods of
1982-1983, 1991, and*1997—1998. Thus the link between
ENSO and increased emissions that should lead to elevated
ozone pollution concentrations has been established. Fur-
thermore; Di Girolamo et al. [2003] confirm the massive
amount of particulate matter present in the same region we
find high TOR values in northern India. Thus, on a seasonal
basis; it is fairly straightforward to link favored meteoro-
logical situations to the formation of widespread pollution.

[25] In an earlier study, Fishman and Balok [1999] were
able to use TOR data to help interpret the development of a
large air pollution episode over the eastern United States in
July 1988, which was driven by the development of an
unusually intense and expansive high-pressure regime over
this region. Clearly, there are prevailing meteorological
conditions that optimize the formation of ozone pollution
on seasonal as well as on synoptic (3—7 days) timescales. In
addition, Creilson et al. [2003] have used the IAV of this
TOR data set to show a relationship between transcontinen-
tal transport and the North Atlantic Oscillation (NAO). The
ultimate goal of these kinds of studies is to establish a
means of linking specific meteorological situations to the
potential onset of elevated ozone periods. This study sug-
gests that such relationships can be done in some regions
(west Africa and northern India) in a statistical seasonal
sense. Fishman and Balok showed that certain meteorolog-
ical conditions are conducive to ozone formation on shorter
timescales that are even more intense and it is these specific
intense episodes that lead to the most pronounced damage
to plants, crops, and human health [Chameides et al., 1999;
Cheung and Wang, 2001]. If we can understand such
relationships, and then forecast them correctly in pure
meteorological terms, then perhaps we can mitigate the
impact of the formation of ozone by reducing regional
emissions. As shown by Bell et al. [2004], the reduction
of surface ozone concentrations by only as little as 10 ppbv
could result in lowering premature deaths by several thou-
sand per year in the United States. Extrapolation of such
reductions of exposure to high concentrations worldwide
would have an enormous benefit that would be difficult to

quantify.

6. Summary and Conclusions

[26] We have presented an analysis of interannual vari-
ability using a data set that spans more than two decades.
This analysis shows that the methodology used to separate
the troposphere from the stratosphere in these concurrent
measurements from TOMS and SBUV instruments produces
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two long-term records that are independent of each other.
Our analysis of the TAV of the SCO data reproduces
previous findings using TOMS total ozone and SAGE
stratospheric ozone profile measurements that show that
the amount of stratospheric ozone at low latitudes is highly
linked to meteorological processes that drive the QBO. On
the other hand, there is a much weaker relationship between
the TOR product derived from these same satellite measure-
ments and the QBO. At the same time, we have shown that
there is a strong correlation between TOR and ENSO during
specific times of the year, but only at specific much smaller
scale regimes. The months that favor enhanced levels of
tropospheric ozone are consistent with our understanding
from a meteorological point of view as to why higher ozone
values should be produced; i.e., at times when subsidence is
more prevalent and when local precipitation is suppressed.

[27] In recent years, the development of air quality
models for understanding the formation of ozone episodes
has accelerated with the intent of becoming operational in
less than a decade [Dabberdt et al., 2004]. This study, on
the other hand, has used historical measurements in an
attempt to identify what meteorological regimes have been
most conducive to widespread ozone formation on a
monthly basis. Relating these monthly distributions te
prevailing meteorological conditions will hopefully provide
insight into analogous ozone-producing events on smaller
timescales that lead to prolonged clevated ozone events
providing the eventual capability of relating these situations
to what is observed at the surface, as was done by.Fishman
and Balok [1999]. The first use of satellite /information
being used in near-real-time to improve ait=quality. forécasts
has recently been demonstrated [Szykman et al., 2004;
Al-Saadi et al., 2005] with the goal to usessuch forccasts to
warn the public so that they can take measures to reduce
exposure to high pollutant concentrations.as well as to
reduce emissions in specific regions so, that less ozone is
actually produced. Achieving amn, understanding between
meteorology, satellite measurements zepresentative of tro-
pospheric pollution, and high/¢encentrations at the ground
is long-term goal of this research [Eishman et al., 2005] and
clearly beyond the scopeiof the present study. However, we
feel that this study has succeeded in showing that regional
TOR distributions are infldenced by prevailing meteorolog-
ical conditions related to large-scale weather patterns and
that this is the first step in attempting to forecast high
tropospheric ozone levels on shorter timescales. In turn,
using such information in a short-term predictive mode can
mitigate the pollution’s detrimental effects on human health.

[28] This study has used satellite data from two satellites
originally designed in the 1970s that had not been intended
to derive any information about tropospheric ozone. With
the launch of the ESA’s (European Space Agency) Envisat
in 2002 and NASA’s (National Aeronautics and Space
Agency) Aura in 2004, new generations of instruments
are measuring ozone and ozone pollution precursors
with capabilities that provide much better resolution and
accuracy. As the data from these satellites become available
to the scientific community, we expect to glean even more
insight into how regional and global pollution patterns
evolve and how such patterns are related to prevailing
meteorological conditions. Last, as these new measurements
become available from these satellites, the data described in
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this study can also be used as a benchmark to quantify how
atmospheric composition has been modified over decadal
timescales.

[29] Acknowledgment. We appreciate comments on earlier versions
of this paper from J. Ziemke, S. Chandra, and P. Bhartia, NASA Goddard
Space Flight Center; M. Newchurch, University of Alabama-Huntsville;
J. Lelieveld and M. Lawrence, Max-Planck-Institute for Chemistry; and
V. Ramanathan, Scripps Institute of Oceanography.
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